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USE OF CONSTANT DIETUSER MACK NUMBER AS A COWIXOL 

AT MACH NUMBE%Is OF 1.8 TO 2.0 

By Donald P. Eearth and B e r n h a r d  H. Anderson 

Analysis was made t o  detemdne the feas ib i l i ty  of using a constant 
diff'wer Mach  number to   posi t ion a translating spike  for optimum inlet 
performance. A control system incorporating this concept was investi- 
gated on a blunt  lip,  translating-spike inlet at  flight Wch numbers of 

c 1.8 t o  2.0 and angles of attack up t o  6O. In addition, unpublished data 
fo r  a two-dimensional variable ramp inlet were analyzed t o  determine the 
possible  use of this same control  principle for  positioning a variable 
wedge. 

- 

When the area at the diff'user Mach number s e n s i n g  stat ion is varied 
properly as the  spike is translated,  close to optimum inlet performance 
w i l l  be set by the control. The same results were noted  for the variable 
ramp in le t .  When critical mass-flow r a t i o  decreased as the spike was re- 
tracted because of excessive  internal contraction, iqpoved performance 
a t  a given  engine airflow resulted f'rm operating the inlet  slxpercriti- 
cally at  a spike position more extended than that for critical operation. 
A constant difmser Mach number control w€ll set such supercrit ical  oper- 
ation i f  the sensing  station area i s  varied properly. 

INTRODUCTION 

The need for variable geametry on su-personic inlets has been demon- 
strated; this g e a e t r y  may consist of a bypass &he&d of the engine, a 
translating  spike, a variable  angle we&e, or a variable  capture area. 
In  order t o  position the variable inlet feature,  an  automatic  inlet con- 
t r o l  system is generally desirable so that close to optimum inlet per- 
formance may be maintained mer a range of flight Mach numbers, ambfent 
temperatures, and engine thro t t le  settings. A number of control systems 
utilizing various M e t  principles have been  proposed and investigated 
(e.@;., refs. 1 t o  4 ) .  
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U s e  of constant  subsonic  diffuser hch number as a control parsm- 
e ter  is discussed In reference 3. The control was used to   actuate  a by- 
pass ahead of the  engine i n  order t o  maintain  close t o  critical inlet 
operation as the erg- required  varying  airflows. The control Mach 
nwnber was sensed at  a constant area station ahead of the bypass. Such 
a system would not be directly  applicable  to Wet s  that s p i l l  excess 
inlet flow with a translating spike or a variable wedge. As the spike 
or ramp WBE moved t o  provide critical operation  over  a range of engine 
airflows, the Mach  number at a constant area station would vary. How- 
ever, as shown i n  this report, proper variation of the area at  the  sem- 
Fng station can result In a constant Mach number that may be used as a 
control  parameter. 

Discussed herein are the  principles for the design and operation of 
an inlet control that senses and se ts  a constant  diff'user Mach number 
for close t o  optfmum performance of variable gecanetry inlets. Teets were 
conducted a t  the NLCA Lewis laboratory  with  both an ex i t  plug a tur- 
bojet engine on the fWJ"sca1e translating-spike  inlet  described i n  ref-  
erence 5. 'phe performance of the  illlet as set by a constant Mach number 
control is presented a t  f'ree-stream Mach numbers of 1.8 t o  2.0 and angles 
of attack up t o  6O. 
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SYMBOLS 

flow area, s q  i n .  

drag, lb 

thrmstJ lb 

ideal thrust (100-percent  pressure  recovery), lb 

Mach number 

mass f l o w ,  slugs/sec 

total pressure, ~ b / s q  ft 

static  pressure,  lb/sq Jlt 

weight flow, lb/sec 

corrected  airflow,  lb/sec 

angle of attack, deg 
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. 
6 r a t i o  of t o t a l  pressure t,o NACA star@wd sea-level static pressure 

of 2U6 lb/sq ft - 
8 ratio of eee-stream total temperature t o  NACA standard sea-level 

91 spike-position  parameter (angle between diffuser a e s  and line 

static tanperature of 518.7O R 

joining apex of cone to  cowl l i p ) ,  deg 

h second rmp  angle, deg 

Subscripts : 

cr c r i t i c a l  

i n  inlet 

0 free stream 

1 sensing  station 

2 compressor face 

The use o f  a Mach  number in the subsonic diffuser as an inlet con- 
trol parameter t o  position a bypass ahead of a turbojet  engine is dis- 
cussed in reference 3. This system, which sensed the Mach number a t  a 
constant area station,  could not be used t o  actuate a translating  spike 
because the value of the Mach number for critical operation varied as 
the  spike was translated. 

Condition for Constant Mach Number at  Control Sensing Station 

If the area a t  the Mach m b e r  sensing  station i s  varied properly 
as the spike i s  translated, the  value of the mch Illxmber a t  that stat ion 
remains a constant f o r  critical operation.  Considering figure 1, cantin- 
u i ty  between stations 1 and 2 

Since 
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Thus, i f  the flow area a t  the sensing  station A 1  changes Kith the 
i n l e t  variable (e .g., spike  translation) so that 

X constant 

the value of the  sensing  station Mach  number MI w i l l  be a constant dur- 
ing cr i t f ca l  inlet operation a t  any given f l igh t  bbch  number. 

It would be necessary t o  schedule the value of Ml Kith flight Mach 
number i f  the numerator o f  equation (2) were not a constant  for each 
spike  position aver the flight Mach number Mo range. Constant corrected - 
airflow at  critical operation has been noted far several inlets (e.g., 
refs. 4, 5, and 6 )  but  not  for  others  (e.g.,  refs. 3 and 7). The varia- 
t ion of total-pressure  recovery P2/P1 with Mach number w o u l d  be depend- - 
ent on the location of the  sensing  statfon,  the particular W e t  config- 
uration, and the range of inlet  position  required a t  each Mach number. 

Principle of Operation 

The Mach number i s  sensed by means of the   ra t io  of s t a t i c   t o  total 
pressure plP,. These quantities are measured separately, and the r a t i o  
i s  then  determined and campared with the set value. If the measured 
r a t i o  is  high, the  control system would call for spike externion (and 
vice  versa). Consider the  variation of the pressure  ratio for a f ixed 
inlet condi t ion  (spike-posi tbnprmeter  82 constant). When the in- 
le t  operatian is  supercritical  so that the inlet termlnal shock i s  dam- 
stream of  station 1, the value of pl/P1 i s  a t  a minimum, less than 
0.528 (M1 > 1.0). A s  the  corrected  airflow is  reduced, pl/P1 will remain 
a constant  unti l  the shock moves upstream of s ta t ion 1. The value of 
pl/Pl will continue t o  increase  for further decreases i n  corrected 

airflow. 
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If equation (2) has been satisfied, p /p will be a constant (as 1 1  
shown in the preceding  sketch) f o r  cri t ical   operation a t  various cor- 
rected airflows w 2 6 / 6 2 .  If the inlet is operating  cri t ically a t  
point 1 (ez s B and w2&/E2 3t X) and the airflow is  increased to Y 
(as by a decrease in ambient temperature, ref. 81, the inlet will operate 
supercritically a t  point 2 un~ess the spike is translated. Since p1/p1 
would have decreased as shown, the  control would ca l l   f o r  the spike to 
re t rac t  (to 82 = A > ,  and critical W e t  operation would result a t  point 
3. A decrease in corrected  airflow frm Y t o  X would result in path 
341. 

If there i s  a standing normal shock ahead of the cowl l ip,   the  pres- 
sure signals will be the same as shown in the sketch except that the mini- 
mzrm value of plhl for each @ might be greater tplan 0.528. Critical 
operation a t  vazious airflaws s t i l l  r e su l t s   i n  a constant -ue of pl/pl 
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. 
i f  equation (2) is satisfied.  Thus, such a control system  could  be  used 
t o  set critical inlet operation  even a t  low f l igh t  Mach numbers, &re 
external shock detachment may occur. If the normal shock ahead of the - 
cowl is due t o  excessive  Lnternal  contraction, it s t i l l  would be pO86ible 
t o  vary A~ BO as t o  r e s a t   i n  a canstant value of plBl at  critical 
operation. However, a higher i n l e t  performance result i f  the in l e t  
i s  operated  supercritically. This phenomenon will be discussed  later  in 
this report. 

The in l e t  discussed in  reference 5, incorpomting a d i f f b e r  Mach 
number control, was investigated  in the Lewis 10- by lO-fmt supersonic 
wind tunnel. A full-scale  production'nacelle ( f ig .  1) was used with 
both a turbojet engine and an exit  plug  simukting  various engine air- 
flows. The in l e t  had a t ransht ing  spike and a blunt cowl l i p .  Details 
of the inlet, nacelle, and  engine are  included In reference 5. 

Static  pressure and t o t a l  pressure were measured a t  the sensing sta-  
t ion  ( f ig .  2 ) .  The static-pressure  orifice for the  control was located 
at  station 2.4, designated  the  sensing  station. The total-pressure  tube I 

was attached  to  the  spike and moved wlth spike  translation as sham i n  
figure 2. Both probes were located on the  horizontal  centerline. The 
pressures w e r e  divided and canpared  mechanically  with  the desired value 
i n  a transducer. An electr ical   error  signal was fed  into a m o t o r  that 
actuated  the screwjack. A s t a t i c  to total   pressure  ra t io  of 0.585, d.e- 
termined from small-scale inlet tests, was buil t  into the transducer. 

The internal-flow-area  distribution for the i n l e t  is shown i n  fig- 
ure 3. A s  the spike was retracted  (increasing 02 ), the amount of Fnter- 
nal contraction  increased. 

A t  each test Mach nuzdber and angle of attack,  the engine corrected 
airflow xas varied, and the control system m s  used to  posit ion the 
spike. The W e t  control also was investigated during spike transients 
i n  which the  spike was displaced manually and allowed t o  be returned by 
the  control. No unftavorable interactfon between the inlet and engine 
controls was obtained because of the Slow movement of the screwjack actu- 
a tor  (about 3 sec/lo e2 ) . 
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The  performance of the  inlet  during  critical  operation  is s-ized 
i n  figure 4. It is interesting  to note that  the M e t  rass-flow  ratio 
decreased  for a spike  retraction  beyond a 82 of about 41.9 because of 
excessive  internal  contraction in that  spike-position  range.  The  cor- 
rected  airflow  delivered by the inlet  at  critical  aperation  [fig.  4(c>>, 
was a function  of  spike  position only for the Mach number and angle-of- 
attack  range  investigated. Thus , the same value of  pl/pl  (i  .e., MI] 
could  result  at critid operation  if P~/PL  also were 0- a function  of 
spike  position  (see  eq. (2) ) and if' A1 is  varied properly. 

In order  for  the  diffuser Mach number  control  to  qperate the inlet 
critically,  the  sensing  station  area would have to vary as  shown in equa- 
tion (2 1. The actual area variation  is  compared  with  the  required area 
variation in figure 5. Stnce  the  act-  variation of p2B1 2s mun, 
two limiting  cases  are  presented: Pz/Pl s constant  [fig. 5(a)) , and 
Pl/Po = constant (flg. 5(b)) ; that is, P2/bL = a variable  accounting  for 
all the  change in Pz/Po. The area-miation ccnnparison for  the  actual 
case  is  somewhere  between  the two limits  shown in figure 5. Because of 
the  apparent  deviation of the mea frcm that  required  for  critical  oper- 
ation,  the  control  would  be  expected  to  set  supercritical  operation at 
high of e2. 

The  signals  used  to  actuate  the  control  are  presented i n  figure 6. 
These  data  were  taken  at manually set spike positions for the  various 
engine  airflows sham. Circumferential  static-pressure  gradients  at  the 
sensing  station,  due to slight  misallnement of the cowl  and  spike,  were 
noted  during  the ear l y  t e s t i n g .  The data presented in figure 6 and all 
other  control data presented in the  following  figures  were taken with 
very little  pressure  gradient  at  the sensing stations. 

Figure 7 shows a cwrparison of the  pressure signals measured  with 
the  full-scale  inlet  and  those  measured  with  the  quarter-scale  model of 
reference 9. Although  data  are  presented  for only one  engine  condition 
at Mach 1.8, similar results  were  noted  at the other  test  conditions. 
Since  the slupes of the two  pressure signals are  considerably  different, 
it  appears  tha-k  shock  boundary-layer  interaction does not scale frcm one 
model to another.  The data agreement near the  set M u e  (0.585) may  have 
been  coincidental,  since this value  of  pressure  ratio  did  not  occur  when 
the normal shock  passed  over  the  static  orifice.  It also should be noted 
that in reference 9 the  total-pressure  tube was mounted to the  cowl in 
such a manner that it  did not move with  the  spike. 
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Performance with Control 

The steady-state  ixL".operation set by the control i s  presented i n  - 
figure 8. These data are campa.red with an envelope of c r i t i c a l  inlet 
operation. The spike  position  set by the control indicates that close 
to c r i t i c a l  inlet operatian resulted for a l l  Mach numbers and angles of  
attack up t o  an engine airflow af about 140 pounds per second. The inlet 
pressure  recovery was, therefore,  very  close  to the critical value i n  
t h i s  airflow range. A t  airflows in exces.6 of 140 pounds per secod,  the 
control  maintained the spike a t  a 82 of about 41.4'. Thus, the inlet cn 
operated  Sqercrit icaJly i n  this airflow range. 

* 
01 
CD 

In figure 5 ;  %he sensing  station area is estimated t o  be greater 
than that required for cr i t ical   operat ion a t  values of 82 greater than 
about 4l.O. It was noted in  the  previous discuseion of figure 5 that the 
control .would set   supercrit ical   .operation above an en@;- airflow assoct- 
ated with crit ical   operation a t  the limiting 82. The foU&ng sketch 
i l l u s t r a t e s  w h a t  apparently happened a t  the high engine  airflow: 

.585 

.528 . 

I I I I 
126 138 141 3-50 

Corrected engine airflow, w2*//62, lb/sec 



IUCA RM E57GO2 9 

03 
W 

2 

Eu 

u A- 

A t  the low airflow (e .g., 126 llj/sec) cri t ical   operation a t  point 1 
was set by the 0.585 pressure-ratio  control. When the airflow was in- 
creased to 138 pounds per second, the  control  again  set  the  spike so that 
the inlet operated critically (point 2) .  When the spike was retracted  to  
the 82 of Go, a normal shock occurred  ahead  of the cowl l i p  (because 
of internal  contraction) and thus raised the minimum part of the signal 
curve above 0 .S28 { i. e., M < 1.0) . A -her increase in airflow t o  141 
pounds per second would require a 83 of 41 .8O f o r  critical operation 
(point 3). However, figure 5 Fndicates that, f o r  a 63 greater  than 
about 41°, the sensing  area was too large, and the control  operated the 
inlet supercritically. Thus, the control retracted.the  spike t o  only 
41.4O, and the inlet operated at point 4 with the i n l e t  terminal  shock 
downstream of the sensing  station. A further increase in airflow t o  150 
pounds per second  caused the shock to move farther downstream, and the 
inlet operated at point 5. 

Although the conixol  set  supercritical  operation a t  the high englne 
airflows, the data presented in figure 8 indicate higher  pressure  re- 
covery than i f  the spike w e r e  retracted  farther  to  obtain aitical aper- 
ation. The reason  for this i s  apparent i n  figure 9, wherein the M e t  
performance fo r  two high airflows i s  shown over a range of manualry set 
spike  positions. These data are ccanpared with an envelope of c r i t i c a l  
operation. For any given airflow, when the spike i s  extended beyond that 

- for   cr i t ical   operat ion the M e t  will operate  supercritically. Thus, as 
the spike i s  retracted from a l o w  82 the in l e t  approaches critical oper- 
ation. Figure 9 indicates that as 82 was increased f o r  a high airflow 
the mass-flow r a t i o  ( w h i c h  i s  the same as the c r i t i c a l   d u e )  increased 
up t o  a 82 of 41.5O, with a corresponding  increase in  the  pressure  re- 
covery  and thrust minus &%. However, as  the  spike m s  retracted beyond 
41.5O, the mass-flow ratio began t o  decrease even though the inlet was 
s t i l l  supercrit ical  because of the excessfve  internal  contraction of the 
inlet. The pressure  recovery decreased at  the same rate as the mass-flow 
r a t i o ;  the thrust minus drag decreased a t  a greater rate because of in- 
creasing  additive drag. When the spike was positioned for c r i t i c a l  oper- 
ation, both the pressure  recovery and the thrust-minus-drag  values were 
considerably below those a t  a 82 of 41.5O. Thus , since  the constant 
diff'user Mach  number control set the spike to operate  supercritically at  
the  high airflows, the higher-than-critical W e t  performance shown in 
figure 8 resulted. . 

The inlet performance as set by the control i s  canpared in figure 
10 with the peak  performance possible with the fixed-cowl - translating- 
spike inlet configuration. Although data are presented only at  Mach 2.0 
and zero  angle  of  attack, the results would be essentially  the same at  
the other test conditions. As discussed  previously,  superior performance 
a t  high airflows  occurred when the inlet was operated  supercritfcally. 
A t  the lower airf lows,  slightly better performance resulted f'rm sl ight ly  
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subcritical  operation. The data presented i n  f i w e  10 indicate that 
the control  pasitianed the spike so that very close  to peak inlet per- 
formance was obtained  over the en t i re  range of engine  conditions. 

The preceding  discussion has dealt with the application of the con- 
cept of a constant diffmer Mach  number control t o  a translating-spike 
inlet. This type of  contra1  also might be applicable t o  variable ramp - 
two dimensional inlets. Unpublished data for a two dimensional - variable 
ramp inlethave  beenanalyzed  in the same  manner as the  translating-spike 
data of this report.  Static- and total-pressure  instrumentation was i n -  
stalled i n  the difntser and, although a control was not  tested, the meas- 
ured pressure signals indicate h o w  such a cgntrol would fluzction. 

Figure ll presents the variation with ramp position of the area at 
the sensing  station for the two-dimensional configuation; t h i s  variation 
agrees  quite  closely with that required for critical qera t ion .  Thus, it 
would be expected.that a constant diffuser Mach nuyber control would set 
close t o  cr i t ical   in le t   operat ion.  The pressure  signals measured i n  this 
test indicate that such a control, i f  used, would position the ramp as 
shown in figure 12. As expected,  close t o  critical operation w i t h  i t s  
result ing performance would occur. 

SUMMARY OF RESUILCS 

The folloviing results were obtained frqm a controls.  investigation 
of a translating-sptke inlet with internal  contraction and From the 
analysis of unpublished data for a variable wedge inlet: 

1. The use of a constant diffuser Mack number as an inlet control 
parameter may be applied  to variable-geaanetry inlets i f  proper area vari- 
at ion  exis ts .  

2. A control  using  the  constant Mach  number principle was ~ucce66- 
fully operated with a translating-spike  inlet. Performance at ,  or very 
near, the maximum possible  propulsive  thrmst was obtained  over the en- 
t i r e  range  even  with normal shocks standing ahead of the cowl lip. 

3. Unpublished data for  a variable ramp inlet indicated that a con- 
trol based on the constant  diffuser Mach number principle would aperate 
such an inlet sat isfactor i ly ,  a t  least over the Mach m b e r  range inves- 
t igated (1.5 to 2.01. 

4.  When c r i t i c a l  inlet mass-flow r a t i o  decreased as a spike was re- 
tracted because of excessive  internal  contraction, improved performance 
a t  a given  engine  airflow resulted by 0per;Zting the inlet supercrit ically 
a t  a spike  position more extended than the  position for  critical operation. 
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5. llhen an inlet had excessive internal contraction, a constant dif- 
fuser Mach number  control set close  to optfmum inlet  performance (e 
propulsive thrust) w i t h  supercritical  inlet  operation if the area a t  the 
sensing station was varied properly. 

- 
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Figure 2. - Translating-spfke control arrangement. 
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(a) Total-pressure  recovery. m e  of attack, 0'. 

36 38 40 42 44 46 
Spike-position  parameter, e l ,  deg 

(b) Inlet mass-flow ratio. Angle of attack, 0'. 

Figure 4. - C r i t i c a l  inlet p e r f o m c e .  
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Figure 4. - Concluded. Critical inlet performance. 
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(b) Theoretical, for total-preseure  ratio P1/Po = constant. 
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( a )  Angle of attack, Oo. 
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(b) Angle of attack, 3O. 

, 38 39 40 41 . 42 43 
Spike-position parameter, e l ,  deg 

( c )  Angle of  attack, 8. 
Figure 7. - Comparison of pressure signals from full-scale an& quarter-male 

inlet. Free-atream Mach number, 1.81 corrected  airflow, approximately W I  
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control f o r  two-dimensional inlet configuration. 
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